The effects of heat induced denaturation and subsequent aggregation of Whey Protein Isolate (WPI) solutions on the rate of enzymatic hydrolysis was investigated.
INTRODUCTION
Denaturation of globular proteins can provide an altered substrate for subsequent enzymatic hydrolysis. Detailed information on the contribution of thermal denaturation to substrate structure allows for a better understanding of the events taking place during the hydrolysis process.
The conformation adopted by a protein under a particular set of environmental conditions is a delicate balance between forces that promote and hinder un-folding, e.g., hydrophobic interactions (1). The physicochemical factors which affect protein aggregation are well documented. Globular proteins retain native conformation within a particular temperature range. Whey proteins, in particular, are sensitive to unfolding at temperatures above 60 ºC (2). Whey protein conformational changes arising from heat-treatment may quickly progress to a point where aggregation takes place. The increased thermal motion of heated whey proteins in solution results in disruption of various intra-and intermolecular bonds and exposure of previously 'buried' hydrophobic residues to solvent (3, 4). Whey proteins, which have a large proportion of hydrophobic residues, conform structurally to a low surface area-to-volume ratio in order to minimise exposure of hydrophobic (apolar) residues to solvent. Not all 'non-native' proteins are involved in aggregation and size-exclusion chromatography (SEC) allowed for molecules with a molecular weight (M w ) greater than that of the native protein to be designated as 'aggregates'. SEC was carried out on a TSK Gel G2000SW XL , 7.8 mm x 300 mm, column (TosoHaas Bioscience GmbH, Stuttgart, Germany) using an isocratic gradient of 20 mM sodium phosphate buffer at pH 7 at a flow-rate of 0. 
Electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
was carried out using a modification of the method of Laemmli (24). SDS-PAGE of the heat-denatured WPI samples was carried out under reducing and non-reducing conditions. The acrylamide for the resolving gel (15 % w/v) was prepared in 1.5 M Tris-HCl buffer, pH 8.8, with the stacking gel (4 % w/v) prepared in 0.5 M Tris-HCl buffer, pH 6.8. Samples were diluted to 3 g L -1 in 0.5 M Tris-HCl buffer. The addition of 2-mercaptoethanol for reducing samples was followed by heating at 95 ºC for 5 min.
Native-PAGE gels were prepared using a modification of the method of The solubility of WPI (100 g L -1 protein, pH 6.4) solutions subjected to the heat-treatments outlined earlier and the subsequent hydrolysates was determined.
Hydrolysates were adjusted to pH 6.4 with 1 N HCl. All test samples were centrifuged at 1330 x g for 30 min at 20 ºC in an Eppendorf 5810 R centrifuge (Eppendorf AG, Hamburg, Germany). The supernatant was removed and filtered through Whatman no.
1 (Whatman International Ltd., Kent, UK) cellulose filter paper, after which protein concentration was determined by Kjeldahl (N x 6.38). Solubility was expressed as the amount of protein present in the supernatant relative to the total protein of the WPI prior to heat treatment (% w/w). Solubility experiments were performed in duplicate.
Enzymatic hydrolysis
Degree of hydrolysis (DH) is the number of peptide bonds cleaved (h) as a percentage of total peptide bonds (h tot ) and can be related to the consumption of base as hydrolysis releases protons by the following formula (28):
Where: B is the volume of base, N B is the normality of the base, 1/ is the average degree of dissociation of -NH 2 residues at pH 8 and 50 ºC, MP is the mass of protein (g) and h tot is the total number of peptide bonds given in meq g -1 (N x f N ). The h tot for whey protein concentrates is 8.8.
For all hydrolysis experiments, 300 mL solutions of WPI (100 g L -1 protein, For hydrolysis experiments performed at enzyme:substrate ratios of 0.5:100 (0.5% w/w), 1%, 1.5%, 1.75%, 2%, 2.5%, and 3% (w/w) the hydrolysis conditions were the same as previously described.
Rheological analysis
Rheological analysis of heat-denatured WPI and hydrolysates of control and heat-denatured WPI was carried out using an AR G2 rheometer (TA Instruments, Crawley, UK), equipped with a starch pasting cell (cell diameter 36.00 mm) complete with impeller, rotor diameter 32.40 mm, rotor length 12.00 mm (TA Instruments, for 1 min and equilibrated for 1 min at 25 ºC. Samples were then sheared at a constant value of 16.57 rad s -1 and the viscosity measured after exactly 5 min of shearing.
Rheological measurements of heat-denaturation of WPI were taken at intervals between 25 and 80°C. Un-heated control and heat-treated samples which were subjected to hydrolysis were also analysed rheologically. Samples (30 mL) were removed from the hydrolysis reaction vessel at designated time points and inactivated by bringing the pH to 2.5 with 2 N HCl. The apparent viscosity of these samples was then measured at 16.57 rad s -1 at 50 ºC over 5 min. All rheological measurements were carried out in triplicate.
Light and confocal microscopy
Light microscopy was performed utilising an Olympus BX51 (Olympus Ltd., Essex, UK) running on Image Access Premium ® 8 software. Samples from both the heat-denaturation and subsequent hydrolysis experiments were placed directly onto slides and aggregates were visualised and the mean length determined using the software (average of 20 samples was presented). Hydrolysis was followed in real-time by confocal laser scanning microscopy (CLSM) using a Leica TCS SP5 Confocal Scanning Laser Microscope (Leica Microsystems, Wetzler, Germany). Samples were prepared in 0.5 M phosphate buffer in an indented rubber sealed slide complete with temperature control at 50 ºC.
Statistical analysis
Analysis of variance ( or were retained during sample filtration and as a result no discernable aggregates are observed by SEC (Fig. 3) . The SEC profiles demonstrate that peaks corresponding to Table 1 ). The largest single increase in particle size (D.v 09) occurred between 65 ºC x 15 min (16.6 ± 0.2 μm) and 70 ºC x 5 min (30.9 ± 0.2 μm). This also coincided with the largest single decrease in overall native protein concentration ( Fig.   2 and Table 1 ). The overall particle size increased from 15.9 ± 0.4 μm in the control un-heated WPI solutions to 40.2 ± 0.6 μm in the 80 ºC x 10 min WPI solutions.
In this study visualisation of aggregate formation and morphology was The surface hydrophobicity (SH) of the protein solutions after dialysis was expressed as μg SDS bound per 500 μg protein (Table 1 ). The disruption of hydrophobic interactions through binding of SDS facilitates movement of the cationic methylene blue dye into the chloroform phase (33). The SH of WPI increased by a factor of 4.75 on heating at 75 ºC x 15 min (see Table 1 ). Interestingly, the SH decreased slightly to 70.11 ± 2.01 μg SDS / 500 μg protein after 80 ºC x 10 min treatment of the WPI solutions, although this decrease was not significant (P < 0.05).
These results were in agreement with the general trend of a previous study on a WPI (27). A loss in protein structure would theoretically increase the number of hydrophobic residues accessible (3) to the SDS-complex. A previous study demonstrated that during extensive aggregation SH may be expected to decrease if aggregates were linked via non-covalent hydrophobic interactions (34). However, the native-and SDS-PAGE results herein showed that a substantial degree of the aggregated material appeared to be linked covalently via di-sulphide linkages.
Rationale for physicochemical changes. Heating WPI at different temperature / time combinations led to the formation of aggregates giving functionally diverse solutions / suspensions from the un-heated control. Heating the WPI resulted in white, high turbidity solutions, with increased insolubility and viscosity. The reason for the large increase in viscosity may be due to the increased particle size and the heattreated insoluble whey proteins binding more water, which leads to an increase in apparent viscosity (35). The large aggregates, up to 40.2 ± 0.6 μm (D. v 09) were morphologically irregular when visualised by both light and confocal microscopy ( Fig   4C) . 
Enzymatic hydrolysis of control and heat-denatured WPI
Influence on reaction rate. An increase in the rate of hydrolysis was observed in certain WPI solutions which were subjected to heat-treatment ( hydrolysed at an E:S of 1.5:100 (Fig. 5 insert) . Solutions which were subjected to prehydrolysis treatment at temperatures ≥ 75 ºC x 5 min had a statistically significant Page -20 -of 39 loss in native protein concentration in WPI solutions heated at 80 ºC for 10 min compared to the un-heated control resulted in a 54 % decrease in hydrolysis time to achieve a DH of 5 % (Fig. 5) . Those samples subjected to heat-treatments; 60 ºC x 15 min, 65 ºC x 5 min, 65 ºC x 15 min, 70 ºC x 5 min, and 70 ºC x 15 min displayed similar hydrolysis curves to control un-treated WPI and were not statistically different from the control hydrolysis reaction using the comparative Tukey test (P < 0.05).
Therefore, the polymerisation of the whey proteins into aggregates (≥ 36.9 μm) along with a total loss of native protein ≥ 41 % presented a conformation which was beneficial to enzymatic hydrolysis with Corolase ® PP.
Heat-denaturation of the WPI presumably exposes previously buried hydrolytic cleavage sites through structural changes in the whey proteins. Protein denaturation, which reduces tertiary and quaternary structure, reduces the ability of the protein to internalise and protect certain residues from hydrolytic cleavage (42).
Denaturation of the polypeptide chain can result in a marked increase in the number of peptide bonds available for reaction (28). Adsorption and diffusion phenomena may also affect the rate of hydrolysis in irreversibly denatured protein (43) where large aggregates possess a much lower diffusion coefficient than the enzyme.
However, this was minimised for our hydrolysis experiments which were performed under moderate stirring.
Physicochemical characteristics of hydrolysates. Table 2 (Table 2 ) compared to the un-hydolysed 80 ºC x 10 min solution (Table 1) . Table 2 also shows that hydrolysis of the most extensively heat-denatured WPI solutions, namely 75 ºC x 5 min, 75 ºC x 15 min, and 80 ºC x 10 min, resulted in an increase in solubility of the solution at 5 % DH compared to the respective un-hydrolysed samples ( Table 1 ). The increase in solubility was greatest in the WPI 80 ºC x 10 min hydrolysates, which showed an increase in solubility of 9 ± 4 % compared to the un-hydrolysed WPI 80 ºC x 10 min heat-treated substrate prior to hydrolysis.
The changes in apparent viscosity taking place during hydrolysis of un-heated control and heat-treated solutions of WPI samples was monitored though rotational rheological analysis. Over the course of the hydrolysis reaction the mean apparent viscosity of the WPI non-heat treated control solution decreased; from 1.61 ± 0.69 x 10 -2 Pa/s at 0.2 % DH to 1.39 ± 0.51 x 10 -2 Pa/s at 5 %DH. On the other hand, the apparent viscosity of the WPI 75 ºC x 5 min, 75 ºC x 15 min, and 80 ºC x 10 min solutions decreased significantly (P < 0.001) at the 5 %DH level (Table 2) compared to their un-hydrolysed equivalents (Table 1) .
SH of the hydrolysates (Table 2) showed an increase in comparison to the respective un-hydrolysed starting solutions (Table 1) Hydrolysis was also followed in situ using CLSM where the WPI solution (100 g L -1 protein) was stained with acridine orange. A previous study (44) utilised microscopy (TEM) to visualise the structural differences of β-lg pre-and posthydrolysis with pepsin. In our study, a novel method for determining aggregate disintegration was presented through the use of a sealed-cell in CLSM which allowed for the hydrolysis reaction to be followed 'real-time'. From the CLSM images (Fig. 6) the formation of morphologically irregular aggregates is apparent in the hydrolysed WPI subjected to pre-heating at 80 ºC for 10 min. In Fig. 6 A the aggregates appear to be quite regularly distributed after 5 min of hydrolysis. However, large gaps began to appear as hydrolysis proceeds and an aggregate network began to form ( Fig. 6B and   6C ) as aggregate size was reduced ( Page -38 -of 39 
